Estimated central systolic blood pressure (cSBP) and amplification (Brachial SBP-cSBP) are non-invasive measures potentially prognostic of cardiovascular (CV) disease. No worldwide, multiple-device reference values are available. We aimed to establish reference values for a worldwide general population standardizing between the different available methods of measurement. How these values were significantly altered by cardiovascular risk factors (CVRFs) was then investigated.
Introduction
The measurement of blood pressure (BP) is fundamental in the general health assessment of patients and is usually done at the brachial artery. However, systolic blood pressure (SBP) is highly dependent on the site of measurement, it is thought, due to pressure wave reflections from more distal sites. Specifically, the pressure (and flow) waves travel at finite speed within arteries, and are reflected at bifurcations and caliber disparities (e.g. small artery vasoconstriction). 1 Central BP (i.e. pressure at the aortic root) can be estimated non-invasively via a variety of validated techniques and is gaining popularity as potentially be useful as of 'true' pressure affecting target organs damaged by high BP such as the heart, kidney, and brain. 2 -4 Central BP has been shown to be significantly associated with adverse outcome such as mortality in a recent meta-analysis 5 and associated with adverse outcome in several individual trials. 2,3,6 -9 Evidence that antihypertensive treatment may have differential effects on brachial BP compared with central BP is more established. 8,10 -13 Drugs such as renin -angiotensin antagonists and/or calcium antagonists were more potent than b-blockers and/or diuretics for lowering central systolic blood pressure (cSBP) even after adjusting for brachial systolic blood pressure (bSBP) level. European cohort-based values for the SphygmoCor device 14 -16 or carotid tonometry 17 exist, although wider use of central BP measurements is still hampered by the heterogeneity of devices and lack of reference values available worldwide.
Here we aimed to create a large, worldwide database of central BP and the related value, amplification (bSBP 2 cSBP) measured with validated methods. We also aimed to standardize these data according to these differing techniques as well as disease and risk factor (RF) definitions so as to establish reference values in 'normal' healthy people without known cardiovascular risk factors (CVRFs), and separately for those with graded levels of CVRFs. Reference values for cSBP and amplification could ultimately be used as guides for assessing patient status and to provide additional effective criteria for assessing cardiovascular (CV) risk to that from bSBP and pulse wave velocity. They would also be useful for assessing cSBP targets in clinical trials testing the effect of cardiovascular drugs either as a surrogate outcome or in longitudinal trials targeting the lowering of cSBP.
Methods

Data collection
Cardiovascular centres and research teams' data were searched and selected from November 2010 to June 2011. This came from extensive networking and a literature search [bibliographic databases within our unit and a search of PubMed with keywords (central OR aortic) and (pressure) and (tonometry) NOT (eye* OR retina OR cornea OR intraocular)', filtered by 'Humans' and 'English')]. This query was followed by 'snowballing', that is, using the reference lists via already made contacts and papers found from the literature search, to be repeated iteratively until no new relevant papers appeared. After contact and agreement signature by the investigators, data were collected between January and August 2011. Essential variables for inclusion were identified as: cSBP, bSBP, brachial diastolic BP (bDBP), age, sex, smoking status, total, low and high-density cholesterol (LDL and HDL, respectively) values, triglycerides (TG); treatment status for hypertension, dyslipidaemia, diabetes, chronic kidney disease, and CV disease, to allow categorization by CV risk. Other variables such as glucose and creatinine were declared desirable if easily available. Data management was carried out such that the original data were never altered, and variables were imported into a pre-established database where they were re-coded and transformed for homogenization. At every stage of data processing, subjects were only identified through a unique code internal to the present study. Personal identities of subjects and patients were not transferred by centres.
Inclusion criteria
Centres were eligible for data inclusion if they could provide the list of essential variables, for people aged .14 years, using a validated tonometry or calibrated distension wave technique for measuring central BP, according to either British Hypertension Society (BHS) or American Association of Medical Instruments (AAMI) criteria. In addition, techniques used for assessing central BP needed to be cross-validated with the SphygmoCor system (AtCor Medical, Sydney, Australia), for which a large number of validation papers are available and so could be used to calibrate indirectly with invasive measures, 18 -21 when papers validating techniques directly with invasive measures were not available.
Standardizing definitions
Systolic blood pressure amplification was defined as bSBP 2 cSBP. 
Standardizing methodologies
Data were included that had been measured via the SphygmoCor device (AtCor Medical, Australia), the Omron HEM-9000AI (Omron, Japan), Walltrack & Artlab systems (both Esaote, Italy), the PulsePen device (PulsePen, Italy), and direct carotid tonometry. The SphygmoCor device uses radial tonometry via a high-fidelity probe to derive aortic BP from a validated transfer function after calibration. 24, 25 The Omron HEM 9000-AI also uses radial tonometry with a multielement probe that selects the best quality pressure wave. Here, cSBP is derived from the radial late systolic peak (SP2). The software provides one reading for SP2 and one which takes this value and transforms it via a proprietary algorithm. During this study, we took the SP2 reading as it is shown to be more in accordance with algorithm independent techniques. 26, 27 Carotid tonometry was carried out using either PulsePen or direct tonometry, both validated against either invasive pressure or SphygmoCor, respectively. 28, 29 Calibrated carotid distension waveforms were obtained with echotracking techniques (the Walltrack and Artlab System). These provide high quality, with minimal compression distension waveforms which parallel pressure. Central BP values derived from distension waveforms were previously validated against invasive measurements and applanation tonometry. 28 All devices included in the present study showed good agreement (grade A of BHS or equivalent) with reference techniques according to the priorities for fidelity of recorded tonometric waves Figure 1 ). When cPP was provided alone and cSBP was not, brachial DBP was assumed to be equivalent to carotid or aortic DBP to convert cPP to cSBP values. Invasive brachial pressures are higher than non-invasive ones, 37, 38 and non-invasively estimated central pressure calibrated with non-invasive cuff brachial BP is the overwhelming reference. Therefore, we chose to standardize values using cuff brachial pressure. As a consequence, non-invasive cSBP is lower than invasive intra-aortic SBP 38 ; however, the gradient between invasive brachial and invasive aortic SBP is likely to be accurately estimated ( Figure 1 ).
Sample sizes and estimating precision
Based on an assumed typical SD of estimated cSBP of 12 mmHg in a healthy population, 15 at least 576 subjects per group (either for populations or RF groups) would be expected to give confidence intervals (CIs) no .1 mmHg either side of the median when approximating its CI to that of the mean. For patients with CVRFs, it was assumed that the typical SD of estimated cSBP was 17 mmHg, 39 requiring at least 1156 subjects per group for a 1 mmHg precision. Checks were made after reference values had been calculated, to establish that a relevant number of different populations contributed to each reference category. For subcategories where the number of observations was ,50, statistics were not calculated.
Definition of populations and cardiovascular risk factors
Subjects were considered as having data valid for analysis if they had provided all essential variables (see Data collection), were untreated (hypertension and dyslipidaemia), and were devoid of CV disease and diabetes, as was done previously. 40, 41 The 'Normal Population' was defined as those subjects who had no established relevant CVRFs (see Supplementary material online, Table S3 for CVRF definitions), and as having Optimal or Normal BP. The 'Reference Population' was any subjects who were valid for analysis who had any relevant CVRFs ( Figure 2 ).
Statistical analyses
All statistical analyses were carried out in Stata IC/10 (StataCorp LP).
Values of cSBP and amplification are presented as medians, less sensitive to the effects of skewed data and outliers, together with 10th, 25th, 75th, and 90th percentiles. As reference values should represent typical values for particular age and brachial BP groups of interest, the results were presented by age decade and ESH-defined brachial BP groups in turn, both stratified by sex. The influence of relevant CVRFs and sex was investigated via multivariable robust linear regressions with cSBP, bSBP, and amplification as the dependent variable and relevant CVRFs, age, BMI, and sex as independent variables, adjusted for heart rate (HR). Age, MBP, glucose, height, and HR were inserted as continuous variables. b-Coefficients and their CIs were calculated for convenient units of RFs. We used multiple imputation chained equations to impute those values rather than perform complete case analyses in order to decrease bias due to missing confounding variables and in order to increase the power of the analyses. 41 
Results
Database characteristics
In total, data on 82 930 subjects in 77 studies were collected from 53 centres worldwide (Supplementary material online, Table S4 ). Two centres who refused to share their data (4476 subjects), and one centre responded too late (479 subjects). Figure 2 shows numbers with essential variables, treatment and disease status. Data for all essential variables were available on 45 436 untreated subjects without diabetes or CV disease. Other patients were not studied here. Of the 45 436 individuals, 18 183 subjects made up the 'Normal Population' (no CVRFs), and 27 253 subjects having at least one CVRF, made up the 'Reference population'. Most data came from the SphygmoCor device (n ¼ 42 050), followed by the Omron HEM 9000-AI device (n ¼ 30 541), then calibrated carotid distension waveforms (n ¼ 8120) and finally 2219 subjects in which another type of measurement was used (PulsePen or direct carotid tonometry), with the percentages of different devices in the 45 436 subjects analysed having a similar distribution. Data presented in this manuscript are cSBP and amplification. 
Population characteristics
The demographic and clinical characteristics of the Normal and Reference populations are shown in Table 1 . The Normal population included more women than men (52% vs. 48%) and younger subjects, than the Reference population (mean (SD) ¼ 46 (15) and 52 (15) years, respectively). Weight, waist, percentage of current smokers, brachial BP, total and LDL cholesterol and TG were unsurprisingly higher in the Reference population than the Normal population as they form part of the definition of CVRFs. Heart rate and HDL cholesterol were not relevantly different between the two populations. Ex-smokers were in equal proportion in the two populations. 
Reference values for central systolic blood pressure
The median cSBP progressively increased with bSBP category in both populations ( Figure 3A and B) . There was no clinically meaningful difference in cSBP between the Normal and Reference population for the Optimal to High Normal BP categories, except that values in the Reference population were more dispersed. The dispersion of cSBP values was marked within each category of brachial BP, with boxes clearly overlapping between brachial BP categories. This dispersion increased with increasing levels of BP.
Reference values for cSBP are provided for each population, stratified on sex, and further stratified on age ( Table 2 ) or BP categories ( Table 3) . Tables are combined in Supplementary material online,  Table S5 . According to age, cSBP was higher in men than in women until age 50-59, after which the tendency was reversed. According to BP categories (Table 3) , cSBP was lower in men than in women within each peripheral BP category, except 'optimal' ( Table 3) .
Amplification according to age (Table 4 ) and BP categories ( Table 5 ) is given separately for males and females. Tables 4 and 5 are combined in Supplementary material online, Table S6 .
Amplification was larger for males than females at any given age or BP value (Tables 4 and 5), the difference between sexes getting smaller with increasing age and values of BP. Amplification was very little influenced by BP categories (not exceeding 3 mmHg, Table 5 ). The interaction between sex, age, and BP category can be better seen on 3D bar graphs ( Figure 4 ; Supplementary material online, Table S6 ). In younger females, amplification reached a maximum with lower BP (12 -15 mmHg), and then it decreased with aging in each BP category and decreased with increasing levels of BP at a given age until age 40. In middle-aged women, amplification reached a plateau and tended to increase with increasing levels of BP after age 40. The pattern was quite different for males. Amplification increased with increasing levels of BP in each age category. Amplification was maximum and extreme in younger male hypertensives (up to 25 mmHg), particularly in those with isolated systolic hypertension (ISH Central blood pressure and its amplification clearly reaching a plateau, except in those with optimal brachial BP ( Figure 4 ; Supplementary material online, Table S6 ).
Determinants of central systolic blood pressure
Multivariable regressions of CVRFs on cSBP and peripheral SBP are given separately for normotensives and hypertensives (Table 6A ).
All CVRFs were positively and significantly related to peripheral BP, if only accounting for 20% of its variance in normotensives, and only 5% of the variance in hypertensives. However, for central cSBP, RFs affected differently normotensives and hypertensives. All RFs except glucose had a statistically significant impact on cSBP in normotensives (R 2 ¼ 0.21), whereas only smoking, male sex, and HR were significantly related to cSBP in hypertensives (R 2 ¼ 0.13).
Male sex was associated with lower cSBP in hypertensives, whereas it was the opposite in normotensives. This result suggests a strong interaction between age, sex, and BP value for cSBP.
Determinants of amplification
Multivariable regressions of CVRFs on amplification are given separately for males and females because of the strong interaction between sex and all other variables ( Figure 4 and Table 6B ). The global R 2 is 0.2 in males and 0.1 in females. Variables associated with amplification were quite similar between sexes, with b-coefficients in the same direction and range. Associated variables were age, smoking, and dyslipidaemia (men only), with negative coefficients, showing that these RFs had adverse effect on amplification (i.e. had a stronger detrimental effect on central compared with brachial pressure). As observed in Figure 4 , relation to age was steeper for men than women (for 10 years, 22. Values given here are 50th (10th, 25th, 75th, and 90th) percentiles. Values given below blood pressure categories are for brachial blood pressure.
brachial pressure with higher blood glucose. As expected, body height and HR had small, positive and significant associations with amplification. Actual MBP level was borderline significant in women only, whereas obesity status was not associated with amplification. Age × hypertension interaction was significant in both sexes. Inclusion of additional interaction factors in a global model Figure 4 Tridimensional bar graphs representing amplification (peripheral-central systolic blood pressures) according to sex (females up, males bottom), age categories, and blood pressure categories. The value represented here is the median of the group. Some categories are not represented because there were less than 50 observations.
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with both sexes (age × sex, age × hypertension × sex) did not change the pattern of association (Supplementary material online, Table S7 ). In this model, sex was by far the most powerful factor associated with amplification with 6.6 mmHg [5.8-6.4] higher amplification in males than in females.
Discussion
Reference values are now readily available for cSBP and SBP amplification for both healthy subjects devoid of and individuals with CVRFs. From this substantial worldwide dataset, these values can now be used as a solid guideline for assessing patient status and providing criteria additional to peripheral SBP and pulse wave velocity. They would also be useful as targets in clinical trials testing the effect of cardiovascular drugs in the likely event that more data become available looking into the association between central BP and amplification targeting and hard outcomes such as mortality.
Interpretations of findings
This study's large sample size allows more precise estimation than was previously available, with more degrees of freedom in which to explore CVRFs, and provides these values for a range of percentiles without losing precision. Within any combinations of categories of population, brachial BP, age and sex, sample sizes ranged from n ¼ 154 to 8493. Moreover, the data for both Normal and Reference populations came from 41 of the 54 centres on four continents, using various validated devices. The criteria used to classify RFs and diseases were very stringent, matched with the ESH categories of CVRFs and any extra RFs carefully described. These features give us a strong external validity for derived reference values. This paper extends results of smaller single-site cohorts using specific devices to a wider geographical area and to several validated measurement devices. One major finding is the different pattern of amplification between sexes according to age and BP category. We have found that women had relatively flat amplification profiles with age, with a plateau after age 30 -39 years, whereas men had a much steeper, continuous decline with age. This pattern is quite different from the previously published data, 39 where the plateau tended to occur later. The pattern of amplification in younger hypertensive men is new, even if partially discussed before. 12 It could only be detected here due to the very large number of subjects. For instance, in a multivariate model (Supplementary material online, Mean blood pressure (10 mmHg 6.6 mmHg [5.8-6.4] higher amplification in males than in females. Proposed explanations for these extreme values of amplification in young men are so far only speculative. One possible explanation is spurious systolic hypertension because of systolic over-boost in brachial measurements (i.e. a high narrow systolic peak of the brachial pressure wave) for young subjects with hyperkinetic hearts. 42, 43 Whether this phenomenon is more frequent in young men than women has not been reported yet. However, it may be linked to a higher reactivity to stress in young men than in young women, a finding that has been described in some studies. 44, 45 A second possible explanation is the higher amount of wave reflection in women, due to their lower height and higher HR, increasing cSBP and reducing amplification. Indeed, in multivariate analysis (Table 6A) , height accounted for a lesser increase in cSBP in men than in women, thus more amplification between central and peripheral SBP in men. However, in multivariate analysis, the sex × age × interaction remained significant independently of height (Supplementary material online, Table S7 ). Other explanations could be differences in physical activity or hormonal status, which could not be investigated here. Whether the individuals with elevated peripheral SBP and normal cSBP are at increased risk is controversial. 46 -48 Table S8 ). One striking feature is the weak association between amplification and level of BP. This may be explained by the tautological link between peripheral and central BP in the calibration process. A new finding is the association of blood glucose with amplification, within the normal range of blood glucose values. This strong association goes in opposite direction (i.e. higher blood glucose associated with higher amplification), compared with previous data on diabetes. 39 The association is both statistically and physiologically relevant. It might reflect the interaction between glucose regulation and autonomic nervous system activation. 50 Although all blood sampling was assumed to be during fasting, it is likely that incomplete fasting occurred in some participants. Amplification has been shown to be predictive for cardiovascular events in the MESA study, 51 a 10% increase conferring an HR of 0.82; 95% CI: 0.70-0.96; P ¼ 0.012). Although the metrics in Chirinos and our study are different (ratio or difference, respectively), both expressions carry similar information. Wave reflection carries additional information to the amplitude of pressure in terms of prediction of events, 52 unfortunately, wave reflections indexes were not available here.
As calibration of any device assessing central BP has to be done via peripheral BP, brachial BP is tautologically associated with central BP. One major point, noted by previous investigators was the wider distribution of central BP to that of peripheral BP, within the same peripheral BP categories. 15 This is the case at lower level of BP, but was not so apparent here for higher categories of hypertension.
Limitations
The concept of the study could be criticized for combining existing databases, and therefore summing heterogeneity from the variety of populations and techniques. Although we took great precautions to adjust for it, some residual differences may remain. One advantage of the wide inclusion criteria and extended recruitment of centres was to provide as representative a sample of data as possible, greatly improving the external validity and applicability of our results. How to handle some RFs was difficult, especially as defining dyslipidaemia according to the recent guidelines 53 was not practical here, as its application results in .80% of the otherwise normal population being classified as dyslipidaemic. We thus chose a more practical definition that is the thresholds in lipid parameters above which intervention is considered even in the absence of additional RFs. 53 Several RFs such as family history of CVD were available in large numbers of subjects, but they could not be used because of heterogeneity in coding. Important information has been placed as Supplementary material online, such as age, BP, and sex distribution of cPP, cSBP, and amplification (Supplementary material online, Tables S9 and S10 and Figure S1 ). We could not study the influence of ethnicity on central pressure and amplification because the information was missing. Some limitations are inherent to the methods used for central pressure measurement. As noted previously, 17 it is very unlikely that a single (linear) transfer function such as that used in Sphygmocor would adequately deal with the variability due to age, sex, or arterial properties. The advantage of the present study is that it includes alternative techniques using late systolic peak (Omron), or carotid distension waveforms. Because this paper deals mostly with amplitude of waves which mostly depend on form factors and calibration, all three techniques provided quite similar distributions of values within patient subcategories. Combining data from different techniques was possible because of cross-validation data between these and/or reference techniques. It enhanced external validity and applicability of these measurements, but was nevertheless at the cost of additional noise to the data. Brachial pressure is necessary to calibrate central pressure, and errors in measuring brachial pressure translate in central pressure. In the present dataset, we observed that errors occurred in transcribing values of brachial pressure in the software, even in previously published high-quality populations. That explained a significant proportion of outlier values, which could not be corrected post hoc. It is thus important to encourage manufacturers to develop devices which shortcut the manual typing of BP values in order to avoid such errors. Absolute calibration issues have been discussed widely elsewhere. 1, 37, 38 Since no alternative calibration is available for large populations, 54 the problem will not readily be solved. We chose to compare central BP with cuff measurement because it remains the reference. The added value of central BP cumulates to the one of brachial BP because nearly all epidemiological data are based on the latter.
Clinical implications
Several studies have clearly showed that central BP is more representative of the BP acting on target organs than brachial BP. Although central BP is used for nearly 25 years, there are still no widely sourced reference values for cSBP per se or for its comparison with bSBP until the collection and analysis of these data. The present study provides distributions of central BP values and amplification of BP in a Normal (no RFs) and a Reference population (with RFs), according to age and sex. We show evidence for a strong interaction between sex and age of its effect on central BP. At any age or BP category, men had higher amplification than women. We further show that younger men with high BP have extreme amplification. Whether age and sex should be used in defining normal cSBP, or if amplification is interesting above cSBP itself for taking care of patients remain to be established.
